In addition to a variety of effects on the intermediary metabolism of the thyroid gland, and perhaps as a consequence thereof, the thyrotropic hormone of the anterior pituitary (TSH) induces thyroidal hypertrophy, hyperplasia, and hypervascularity and stimulates most, if not all, phases of iodine metabolism leading to the synthesis and secretion of thyroid hormone (1, 2) . Decreases in thyroid cell size, blood flow, and hormone synthesis occur in the absence of TSH stimulation.
For the foregoing reasons, it is generally agreed that TSH is the major regulator of thyroid structure and function. Nevertheless, there is growing evidence that the thyroid gland contains mechanisms for modifying its own function. Thus, in hypophysectomized rats, dietary iodine restriction increases thyroid uptake of I' and may enhance mean acinar cell height (3, 4) . Furthermore, in hypophysectomized rats given either no TSH or constant doses of this hormone, the activity of the thyroid iodide-transport mechanism varies inversely with the glandular content of organic iodine (5) (6) (7) (8) (9) (10) . The effects of such autoregulatory mechanisms in the absence of TSH are relatively small; their most important role probably stems from their ability to modify the glandular response to trophic stimulation (8) (9) (10) .
There are, apparently, no data as to whether similar autoregulatory phenomena occur in the human thyroid. In normal subjects, as much as 2 mg of iodide can be acutely administered without appreciably changing the percentage uptake * Submitted for publication December 21, 1964 ; accepted March 4, 1965. Supported in part by research grant AM-00267 from the National Institute of Arthritis and Metabolic Diseases, Bethesda, Md. tAddress requests for reprints to Dr. Sidney H. Ingbar, Thorndike Memorial Laboratory, Boston City Hospital, 818 Harrison Avenue, Boston, Mass. 02118. of concomitantly administered I"~ (11) . When supplements of stable iodide are chronically administered, on the other hand, I' uptake de- clines (12, 13) . It is not known, however, whether the decrease in thyroid iodide clearance rate that this decrease in I' uptake reflects is mediated by changes in the secretion of TSH or by changes within the thyroid gland itself. The converse situation, chronic deficiency of dietary iodine, has been extensively studied in man; its consequent thyroid hyperfunction is thoroughly documented (14) (15) (16) . Here too, however, it is uncertain whether these functional changes originate entirely, or only partially, within the pituitary.
This paucity of data concerning thyroid autoregulation in man doubtless stems from the relative rarity of patients with hypopituitarism and from the difficulty in accurately assessing in vivo the low level of thyroid function that occurs when hypopituitarism does exist. In the present studies, therefore, efforts were made to produce iodide depletion in normal patients under conditions in which it would be unlikely that changes in the secretion of TSH could mediate any changes in thyroid function that might ensue. By methods described below, acute depletion of extracellular iodide was achieved and was found to be associated with increased thyroid function. A preliminary report of these findings has appeared in abstract form (17) .
Methods
Patient material. Studies were performed in eight patients being cared for on the wards or in the Endocrine Outpatient Clinic of the Boston City Hospital. Four patients had no thyroid disease. One had a nontoxic goiter and another was euthyroid with Graves' disease in remission. One patient had moderately severe and another very severe diffuse toxic goiter. Pertinent clinical and laboratory data are recorded in Table I. 1117 Induction of iodide depletion. All patients were studied on a metabolic ward. Depletion of extracellular iodide was produced by a combination of two methods. The first was the provision of a diet low in iodine. This consisted principally of milk that had been passed at least three times over an anion exchange column (IRA-400, chloride cycle). Analyses of untreated milk revealed an iodine content ranging between 12 and 13 ,ug per 100 ml. During passage through the column, the iodine content was reduced to 2 Ag per 100 ml, all of which was protein bound. Patients were allowed free access to low-iodine milk and to distilled water throughout the study. Coffee, chocolate, and vanilla were also found to be low in iodine content' These agents were therefore used to flavor the milk.
To intensify and hasten the depletion of iodide, advantage was taken of earlier observations indicating that the renal clearance of iodide is enhanced during osmotic diuresis (18) . Patients were given a priming dose of 250 to 500 ml of 20% solution of mannitol followed by a sustaining infusion of 400 g of mannitol delivered in a 10% solution over a period of 6 hours. The sustaining infusion also contained 50 mEq of sodium chloride and, in some instances, 10 to 20 mEq of potassium chloride per L. During osmotic diuresis, patients were allowed 1 As prepared in other liquids, coffee, chocolate, and vanilla were found to contribute 3.4, essentially 0, and 0.5 ,ug iodine per 100 ml, respectively. free access to distilled water, low-iodine milk, or orange juice. In some instances, solutions of sodium and potassium chloride previously passed over the anion exchange column were administered orally during the mannitol infusion. By means of these supplements it was hoped to minimize or prevent depletion of water and electrolytes during the diuretic response.
Analyses of iodide kinetics. The kinetics of iodide metabolism were studied by methods previously described in detail (19) . After having emptied their bladder, patients were given an intravenous injection of 20 to 50,uc of inorganic I'. Epithyroid and thigh counts were performed, and urine and blood specimens were collected every 30 minutes thereafter for 3 hours. Twentyfour-hour thyroid I' uptakes were also determined.
All measurements of radioactivity were related to the administered dose of IT. In the calculation of thyroid I' uptakes, radioactivity measured over the thigh was subtracted from that in the neck. After the initial test, residual radioactivity in the thyroid was determined before each subsequent test and was employed to correct determinations of thyroidal I' uptake. In the measurement of the concentration of inorganic I' in the serum of euthyroid subjects, total counts were employed during the first test; in subsequent tests, residual trichloroacetic acid (TCA)-precipitable I' was determined before injection of the new dose and was subtracted from values for serum I' in subsequent samples. In patients 118 with thyrotoxicosis, TCA-soluble I' was determined in all samples and was considered to represent serum inorganic I'. From such measurements, thyroid I' transfer and clearance rates, as well as renal I' clearance rates, could be calculated according to methods described elsewhere (19) (20) (21) (22) .2 Serum inorganic IP concentration was calculated by the indirect method of Stanley, based upon the renal excretion of I' and the renal clearance of I' 2The method employed for assessing the kinetics of thyroid I' accumulation purports to measure the rate of transfer of plasma iodide into thyroid organic iodine. Clearance measurements, on the other hand, measure the rate of removal of plasma iodide into total thyroid iodine. Although certain of the assumptions underlying the method for measuring thyroid I' transfer rates were criticized some time ago (23) , more recent observations by other workers tend implicitly to support the theoretical validity of the method herein employed (24) (25) (26) . A lengthy discussion of this evidence is beyond the scope of this report. Suffice it to say that thyroid I' transfer rates herein presented agreed closely and predictably with estimates of thyroid clearance rates obtained from the same data by other methods (20, 21) . Thus, the sense of our data would be in no way altered if thyroid clearance, rather than transfer, rates were employed to assess the effects of acute iodide depletion. In the discussion that follows, the two terms may be considered interchangeable. (27) . Thyroidal I' accumulation rates were calculated as the product of thyroid I' transfer rates and the calculated concentration of inorganic I' in the serum.
Analyses for stable iodine (I') in foods and urine and for protein-bound iodine in the serum were performed by a modification of the method of Zak (28) . 3 Analysis for the statistical significance of the changes in iodine metabolism was performed by the paired t test, as described by Snedecor (29) .
Experimental design. Patients were admitted to a metabolic ward and were given a standard hospital diet. Several days later kinetics of I' metabolism were assessed (control, "prediuresis" test). On the morning of the first or second day thereafter, patients were placed on the low-iodine regimen. On the morning of the second day of this diet, mannitol infusion was begun in all patients. In four of the eight patients, a second test of iodide kinetics ("diuretic" test) was carried out during the last 3 hours of mannitol infusion, while osmotic diuresis was well maintained. On the morning of the day following mannitol infusion, the patients having continued on the low-iodine diet, a third assessment of iodide kinetics ("postdiuresis" test) was carried out in all eight patients.
Four of the patients were studied again after more than a week on a normal diet. Here, the entire experimental procedure was repeated, except that 800 ,ug of potassium iodide was added to the sustaining infusion 8Analyses performed in the Boston Medical Laboratory, Boston, Mass. (Figure 1) .
Discussion
The present studies were undertaken in an effort to determine whether there exist within the human thyroid gland intrinsic mechanisms that alter the function of the gland in response to acute reduction in the plasma iodide concentration. To do so, it was necessary to devise a method for acutely depleting iodide in body stores. Theoretically, iodide stores could be depleted by total fasting. Since the iodide pool is normally small (approximately 90 jug) in relation to the normal dietary iodine intake (150 to 200 jug daily), it follows that the extracellular iodide pool normally turns over quite rapidly. This is reflected in a disappearance rate of labeled iodide that normally averages approximately 20%o per hour (19) .
Thus, within a 24-hour period, the plasma iodide would be expected to decrease to approximately one-seventh of its initial value, provided that sources of replenishment were removed. Even with complete fasting, however, some replenishment of iodide stores would occur, since peripheral degradation of thyroid hormone liberates at least 50 jug of iodide daily into the extracellular iodide pool (33, 34) . Furthermore, in thyrotoxic patients, in whom hormonal degradation is greatly increased, iodide arising from this source would exceed the dietary intake, and fasting, therefore, would be relatively less effective (33, 34) . In addition to iodide liberated by the degradation of thyroid hormone peripherally, it is likely that at least the hyperactive thyroid itself liberates substantial amounts of nonthyroxine iodine into the plasma (33, (35) (36) (37) . These would provide a further source of replenishment upon their deiodination. Thus, a short period of fasting might not suffice to decrease plasma iodide concentrations appreciably. Moreover, total fasting would be expected to induce a variety of endocrine and metabolic alterations, other than iodide depletion, which might themselves affect thyroid function.
In the present studies, therefore, alternative methods of depleting iodide stores were sought. Patients were given foods either naturally poor in iodine or depleted thereof by treatment with anion exchange resin. In addition, vigorous osmotic diuresis was employed to enhance renal clearance of iodide and to increase, thereby, the depletion of iodide induced by dietary restriction. These measures were highly effective. Estimates of the concentration of iodide in plasma were decreased in all four patients studied during mannitol diuresis and had decreased even further by the time of the postdiuresis test. In the remain4These doubts concerning the efficacy of simple fasting as a means of inducing uncomplicated iodide depletion have recently been verified by studies which have demonstrated that a total fast of 1 to 3 days duration not only fails to decrease the iodide concentration in plasma, but also leads to decreases in both thyroid iodide clearance rate and absolute iodine accumulation (38) . Several indexes provided evidence that thyroid function had increased as a consequence of the iodide depletion procedures carried out. Although not evident in one patient with thyrotoxicosis, increased thyroid transfer and clearance rates were observed in each of three euthyroid patients during the diuresis test. During this test, the 3-hour thyroid uptake of I131 did not increase. This result was not unexpected, however, since, during this period, renal clearances of iodide were also increased by the mannitol infusion. In contrast, the 24-hour uptake of the same dose of 1131 was increased in all four patients. This increase reflected persistence of increased thyroid transfer and clearance rates while renal clearances were returning to normal following cessation of mannitol infusion.
During postdiuresis tests, thyroid I131 transfer rates were increased above control values in all eight patients, whereas renal iodide clearances had returned to approximately normal values. As might be expected, percentile uptakes of this dose of Il3i were, in all patients, increased at 3 and 24 hours, as well as all other time periods at which measurements were made (Figure 1 ).
It may be reasonable to question whether increases in thyroid 1131 uptake or iodide clearance rate truly indicate an increase in thyroid function when these occur in association with decreased plasma iodide concentration and when the absolute rate of iodine accumulation either remains normal or, as in the present studies, decreases. Certainly, it would be agreed that the thyroid gland in chronic iodine deficiency is hyperfunctioning, even though the absolute rate of hormone formation is not increased. It might be supposed, however, that acutely the thyroid always accumulates a constant quantity of iodide, so that iodide clearance varies acutely and inversely with changes in plasma iodide concentration. This question has been the subject of several investigations (11, 12, 39) . From these studies it is clear that such an obligatory reciprocity does not obtain, since moderate or fairly marked acute increases in the plasma iodide concentration can be sustained without leading to decreased 1131 uptake or thyroid iodide clearance (11, 12) .
On the other hand, the present findings seem clearly to indicate that the thyroid does respond with hyperfunction to procedures that acutely lower plasma iodide concentration. The data further suggest that this response is a) initiated by iodide depletion per se, and b) mediated within the thyroid itself, rather than the pituitary gland. With regard to the former conclusion, it is apparent that the low-iodine diet or the sustained osmotic diuresis might lead to changes in cellular hydration or electrolyte concentration that could alter thyroid function. Although minor variations in serum electrolyte concentrations were evident during mannitol infusion, all (i.e., sodium, potassium, chloride, CO2, and calcium) had returned to normal by the following morning, when the postdiuresis tests were performed. It seems unlikely that the increased thyroid transfer and clearance rates were due to an osmotic effect per se, since the isolated cat thyroid perfused with mannitol displays decreased iodine accumulation (40) . The most important evidence that the thyroidal hyperfunction induced by the experimental procedure resulted from iodide depletion per se, however, was the finding that the increase in function, earlier demonstrated in the same patients, could be forestalled by including in the mannitol infusion only 800 jug of sodium iodide (Figure 1 ). This quantity of iodide, even when given as a single dose, does not normally decrease thyroid clearance or Il31 uptake and would not be expected to prevent an increase in thyroid function produced by the experimental procedure, unless this were due to iodide lack (11) .
There For the foregoing reasons, it would appear that acute depletion of extracellular iodide in man is associated with an intrinsic, autoregulatory increase in thyroid function, which tends to minimize the decreased hormonal synthesis that would otherwise occur. How this response is initiated and the precise steps in glandular iodine metabolism that are affected are at present uncertain.
Summary
Acute depletion of extracellular iodide has been achieved in eight patients, including two with diffuse toxic goiter, by institution of a low-iodine diet, followed 24 hours later by an infusion of mannitol to increase renal clearance of iodide.
Measurements of plasma iodide (1127) concentration, thyroid I'3-transfer and clearance rates, renal 1131 clearance rate, absolute iodine (I127) accumulation rate, and serum protein-bound iodine were made before, during (four patients), and 24 hours after mannitol infusion. This iodide depletion procedure resulted in decreased plasma iodide concentration, increased thyroid transfer and clearance rates, increased uptake of I"', and decreased absolute iodine accumulation. These changes, which were usually evident during the mannitol infusion, were uniformly present by the following day. Serum protein-bound iodines varied only slightly from control values. Decreases in plasma iodide concentration were prevented by inclusion of only 800 fug of sodium iodide in the mannitol infusion, and, under these conditions, the increase in I131 clearance and uptake did not occur.
It is concluded that there exists a mechanism for acutely increasing thyroid function in response to a relatively abrupt decrease in plasma iodide concentration. This mechanism apparently is not mediated by the pituitary, but resides within the thyroid gland itself.
